An electrolyte, N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate dissolved in glutaronitrile, was developed and investigated in a symmetrical supercapacitor using activated carbon as electrodes ͑active carbon͉active carbon͒. The electrochemical performance of the simulated supercapacitor was examined using ac impedance, cyclic voltammetry, and constant current charging/discharging tests. According to the results, the electrochemical window of the supercapacitor could reach 4.2 V, and its single-anode specific capacitance could reach 245.3 F g −1 . The supercapacitor also has better capacitance characteristics, reversibility, and cyclic characteristics. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3477934͔ All rights reserved. The supercapacitor has been drawing extensive attention in recent years because of its good power characteristics, long cycle life, and environmental friendliness.
The supercapacitor has been drawing extensive attention in recent years because of its good power characteristics, long cycle life, and environmental friendliness. [1] [2] [3] [4] [5] The electrolyte is an important part of the supercapacitor and a key factor in influencing its performance. [6] [7] [8] [9] Based on different electrolytes, supercapacitors could be divided into two types: water-based electrolyte supercapacitors and nonwater-based electrolyte supercapacitors. [10] [11] [12] [13] [14] The supercapacitor with a water-based electrolyte has low energy density. In contrast, the supercapacitor with a nonwater-based electrolyte demonstrates high energy density. However, the actual working voltage of supercapacitors is generally 3.5 V because the performance of the nonwater-based electrolyte is constrained by its decomposition voltage. The electrolyte, which stays inside the capacitor for a long period, has better reliability; in addition, a reaction is not possible when the capacitor is in an open state. The electrolyte has adequate decomposition voltage and does not decompose within the working window of the capacitor. [15] [16] [17] [18] Therefore, it is important to choose new electrolyte salts and develop new electrolytes with better chemical stability and a wide electrochemical window for increasing the working voltage of a capacitor. At present, the main nonwaterbased electrolyte used by supercapacitors is the organic solution of hyamine. [19] [20] [21] [22] In this article, the researchers synthesized a new N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate ͑Fig. 1͒ and examined the electrochemical performance of N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate/glutaronitrile solvent as the electrolyte for the supercapacitor, thus providing necessary reference for further application.
Experimental
Preparation of electrolyte.-The precursor triethylene diamine and the halogenated hydrocarbon were combined to come up with a solution. The N,NЈ-1,4 diethyl, triethylene, and diamine halogenated hydrocarbon was prepared by heating, backflow, and decompressed distillation. Next, salt was added to the tetrafluoroborate water solution for ion exchange, after which the crude salt of N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate was obtained through decompressed distillation. Afterward, the salt was dissolved into a suitable solvent to which the decolorizing agent was added. This solution was heated for the backflow, and the substance was heated and filtered after the reaction. The solution was allowed to crystallize to obtain the crude salt of N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate. The synthesized N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate and glutaronitrile solvent was then added into a glove box filled with dry nitrogen to produce 1 mol/L organic electrolyte. All reagents for the experiment were of analytically pure grade.
Fabrication of supercapacitor.-The working ͑thickness: 40 m, size: 9 ϫ 50 mm͒ and auxiliary electrodes ͑120 m, size: 12.5 ϫ 65 mm͒ used in this work were activated carbon pole pieces. A silver wire was used as the reference electrode. The working, auxiliary, and reference electrodes were placed into the glove box filled with dry nitrogen for drying for 6 h. These are then stacked together in sequence and then turned into cores after tight winding. The wound-up cores were placed into the electrolyte and then in a vacuum for 1 h. Next, a suitable amount of self-made electrolytes were added, and these were assembled into a simulated supercapacitor after encapsulation.
Electrochemical measurements.-An LK2005A electrochemical workstation was used to measure the electrochemical performance of the supercapacitor. AC impedance was tested using the following parameters. AC signal amplitude: 5 mV, frequency range: 0.01-100 kHz, cyclic voltammetry test scanning speed: 5 mV/s, constant current charging/discharging test current: 100 mA, and sampling interval: 1 s.
Results and Discussion
Conductivity of electrolyte.-N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate has better thermal stability and electrochemical window. Ion conductivity under room temperature is above the order of magnitude 10 −3 S/cm. Figure 2 shows the cor-relation between the conductivity and concentration of the electrolyte. As can be seen, the conductivity of the electrolyte does not increase linearly along with the concentration of N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate. Moreover, the maximum value can be observed due to the conductivity that increased rapidly along with a higher concentration of ions and the weak mutual force between ions in the electrolyte. Here, the mutual force between conductive ions increases along with the increasing concentration of N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate. Consequently, the migration of ions slowed down and the conductivity dropped. The conductivity of the electrolyte peaked when the concentration was at 1 mol/L, and the corresponding conductivity was 23.25 mS/cm. Figure 3a illustrates the cyclic voltammetry curve for the electrochemical window of the cathode. Figure  3b shows the cyclic voltammetry curve for the anode's electrochemical window. The electrochemical windows were 2.0 V for the anode and 2.2 V for the cathode; it could reach 4.2 V for the supercapacitor. This is because N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate belongs to a dual-core cyclic coordination and has better chemical reliability within the working voltage of the capacitor than that of other electrolytes, such as MeEt 3 BF 4 and Et 4 BF 4 , leading to a wide range of working voltages. The cyclic voltammetry curve has regular rectangles instead of apparent peaks, indicating that the electrolyte does not react with the electrode, diaphragm, current collector, and other parts within the scanning potential window. In addition, the electrolyte has better reversibility, typical capacitor behavior, and chemical stability. Figure 4 shows the curve obtained from the supercapacitor after constant-current charging/discharging tests were conducted 30 times at a current of 100 mA. The constant-current charging/discharging curve has an apparent triangular symmetric distribution, as well as better reversibility and cyclic feature. Under constant-current charging/ discharging, the voltage changed linearly over time, indicating that the electrode/electrolyte interface had only ion adsorption and desorption while no chemical reaction occurred. This constitutes typical double electric-layer capacitor behavior. Specific capacitance, specific energy, specific power, internal resistance, and current charging/discharging efficiency, along with other performance parameters, can be calculated based on the constant-current charging/ discharging curve and formula. We know from Table I that the specific capacitance of the electrode is 245.3 F g −1 and the charging efficiency is 97.3%.
Cyclic voltammetry test.-

Constant current charging/discharging test.-
AC impedance test.-An ideal supercapacitor can be regarded as the serial connection of resistors and capacitors. Moreover, its Nyquist diagram has unchanged resistance in the real part. The captive resistance in the imaginary part increases gradually as the frequency decreases, expressed as a straight line vertical to the real axis. The Nyquist curve of the actual supercapacitor has a clear gradient. Figure 5 is the Nyquist diagram of the supercapacitor. The medium to low frequency region is quite close to the ideal capacitor and has typical capacitor features, consistent with the description of the resistance features of the supercapacitor in the literature. Resistance at the crossing between the high frequency area limit and the horizontal axis comprises the internal resistance of the electrolyte. The internal resistance of the electrolyte is quite small at 1.65 ⍀. N,NЈ-1,4 -diethyl, triethylene, and diamine tetrafluoroborate, when used in an activated carbon supercapacitor, demonstrates typical capacitor behavior and good chemical stability, in addition to high specific capacitance, high charging/discharging efficiency, and wide electrochemical window. These indicate that the N,NЈ-1,4-diethyl, triethylene, and diamine tetrafluoroborate/ glutaronitrile solvent has stable electrochemical behavior in an activated carbon supercapacitor system, indicating that its further application can be explored. 
Conclusions
